Carbon nanotubes (CNTs) are nearly one-dimensional molecules obtained by rolling up one or more sheets of single-atom-thick carbon, called graphene. Since their discovery in 1991, many scientists have explored the extraordinary physical properties of these materials. The first paper showing the potential of CNTbased transistors for gas sensing applications was published in 2000. 1 In this paper, Kong et al. at Stanford University observed that a single CNT (used as a transistor channel between two gold electrodes) interacted with gas molecules, which altered the current flowing through the channel as a function of the substrate (gate) voltage.
Carbon nanotubes (CNTs) are nearly one-dimensional molecules obtained by rolling up one or more sheets of single-atom-thick carbon, called graphene. Since their discovery in 1991, many scientists have explored the extraordinary physical properties of these materials. The first paper showing the potential of CNTbased transistors for gas sensing applications was published in 2000. 1 In this paper, Kong et al. at Stanford University observed that a single CNT (used as a transistor channel between two gold electrodes) interacted with gas molecules, which altered the current flowing through the channel as a function of the substrate (gate) voltage.
The use of a single CNT as a transistor channel presents some significant challenges. First, current fabrication techniques produce both metallic and semiconducting nanotubes. Only the semiconducting ones will work as a transistor channel, so there is a risk of making a useless device if a metallic CNT ends up between the electrodes. Second, it is quite laborious to identify the position of one single CNT using precision observation methods such as atomic force microscopy (AFM). From an industrial point of view, this is not a suitable solution for the mass production of sensors. Third, it is very difficult to obtain reproducible devices, since the transistor electrical characteristics are dependent on a single nanotube, whose physical characteristics are hard to control at such small dimensions. Therefore, we have focused our work on transistors using CNT mats as channels. [2] [3] [4] We deposit these multi-nanotube networks with a dynamic spray-gun deposition technique compatible with large surfaces (see Figure 1) .
The novelty of our deposition method is its compatibility with large surfaces and flexible substrates. Our technique can fabricate high-performance transistors with reproducible characteristics by exploiting the percolation effect in networks of nanotubes. The percolation effect is a statistical phenomenon
Figure 1. (left) The deposition machine developed at Thales Research and Technology. (right) A visualisation of the deposition process.
that occurs above a specific density of CNTs per area (called the threshold percolation density), where it becomes highly probable to have at least one chain of interconnected CNTs linking the two electrodes (like a network of sticks sprinkled over a floor). We have developed a method for making dense CNT mats that is suitable for industrial transfer. Specifically, our technique employs a dynamic deposition machine that sprays micro-drops of CNT solutions on heated substrates. The heating of the substrate is necessary to avoid the so-called "coffee-ring effect", which is a tendency of particles in a slowly-drying drop to migrate and deposit on the borders. In our patented technique, 5 we heat the substrate to the boiling point temperature of the solvent, so that the drops instantaneously evaporate at impact with the substrate. Since the nanoparticles do not have time to migrate to the borders, we can dramatically improve the uniformity of the deposited mats.
Our goal is to use our CNT mat fabrication technique to make selective gas sensors that perform a sort of electronic fingerprinting of each gas. This is done by combining CNT-based transistors with different metal electrodes to obtain metal/nanotube junctions with specific characteristics. Each gas interacts in a specific way with each junction, causing the current through the nanotube mat to change in a way corresponding to that
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10.1117/2.1201207.004311 Page 2/3 particular gas. We expose several different transistors to a gas sample at the same time so that the fingerprint can be recorded instantaneously. The concept 6 is shown in Figure 2 .
Using our spray-gun deposition method, we fabricated a sensor chip with 16 CNT-based transistors (see Figure 3) . The electrodes consisted of four different metals (four transistors for each metal): gold (Au), platinum (Pt), palladium (Pd) and tita- nium (Ti). We tested the chip by simultaneously recording the changes of the transfer characteristics of the different transistors when exposed to three different gases: nitrogen dioxide (NO 2 ), ammonia (NH 3 ) and a sarin gas simulant called di-methylmethyl-phosphonate (DMMP). To evaluate the sensitivity limits of the chip, we exposed the transistors to concentrations of NO 2 and NH 3 that varied from 100 parts per billion (ppb) to 10 parts per million (ppm). We recorded the change of the current through each transistor between the drain and source, I DS (see Figure 4 for NO 2 and Figure 5 for NH 3 ). A single exposure cycle consisted of 300 seconds of exposure to the particular gas species followed by 600 seconds of air exposure.
Figure 2. Scheme of an array of carbon-nanotube-based transistors for a gas-sensing application. We achieve an electronic fingerprint of the gas by using the relative change of current, I DS , for each transistor after exposure to specific gas molecules. This change is represented in the graphs on the right, where the dependence on the voltage between gate and source, V GS , is shown before (solid lines) and after (dashed lines) exposure.

Figure 3. a) Sensor chip containing 16 carbon-nanotube-based transistors with electrodes made from 4 different metals (4 transistors for each metal). b) Chip dimensions compared to a euro coin. c) Chip mounted on the ceramic dual in-line packaging used for tests.
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For NO 2 , we observed a clear change in the I DS of the transistors with platinum and gold electrodes for concentrations as low as 100ppb, and with all the metals at 200ppb. In the case of NH 3 , platinum and gold showed a change in I DS for 100ppb, but in order to see a clear change for all of the transistors, we needed a concentration of 1ppm. The signal for NH 3 is smaller than that for NO 2 because the NH 3 molecules create a weaker electric dipole at the interface between the metal and the CNTs. Therefore, the change of the Schottky barrier height and the corresponding change in the current are both lower in the case of NH 3 . These results are preliminary, considering that our chip has not been functionalized (chemically modified with, for example, specific polymers or biological molecules to enhance the sensitivity) and the measurements have been performed using air at ambient pressure as the carrier gas.
We also performed another set of measurements exposing the same chip to DMMP (see Figure 6 ). The results demonstrate a sensitivity down to 1.6ppm, which is the lowest concentration achievable with our test bench.
In this work, we demonstrated that NO 2 , NH 3 , and DMMP gases have unique interactions with transistors fabricated using different metals as electrodes. Based on these results, we believe that our technology could lead to simple, relatively low-cost devices to perform selective sensing. Moreover, the deposition technique developed is extremely versatile and could be used for other applications such as fabrication of bolometers, freestanding membranes, replacements for transparent and conductive indium-tin-oxide layers in organic LEDs, and light and cheap ultracapacitors on flexible substrates. Our future work will focus on these applications. 7 
